19. ABSTRACT: The purpose of the present report was to determine physiologically acceptable limits for work of breathing with heliox mixtures. The basis for the development was the limits for air breathing that Navy Experimental Diving Unit (NEDU) implemented in 2008. Two ways of converting the air limits to heliox were considered: empirical changes in breathing capacity and calculations of equivalent gas density. The reasons for choosing changes in breathing capacity are discussed. Limits are presented for diving with fixed concentrations of oxygen (e.g., open circuit diving) and fixed partial pressure of oxygen (e.g., electronic rebreathers). Tables give limits for common gas mixtures or ways to calculate the limits for custom gas mixtures. The results are compared to those from previous tests at NEDU. No restrictions will be put on existing equipment. Rather, in some situations the limits will increase, a result making the advantages of heliox increasingly obvious.
v ABBREVIATIONS AND DEFINITIONS V T = tidal volume (L), the total volume exhaled in each breath WOB = work of breathing (J), the integral of pressure as a function of volume WOB/V T = work of breathing/tidal volume, also known as resistive effort or volumeaveraged pressure (J/L = kPa) 
PHYSICAL DATA
WOB/V T is expressed in kPa (i.e., J/L). At 50 msw (165 fsw), Equation 2 gives a limit of 1.94 kPa.
Based on physiological data from experiments with divers, 2 these limits superseded previous WOB goals 3 that had been based on the performance of commercial UBAs around 1980.
The new limits allow less WOB/V T as depth increases. As the gas density increases with depth, the work required to move gas from the mouth into the lungs and out again increases. Since the respiratory muscles do not get stronger with depth, the effort available to move gas decreases with depth.
The phenomenon of the limits changing with gas density lends itself to develop new limits for heliox diving, too. Physiologically based WOB limits during heliox diving could be obtained in two ways:
1. Manned dives. Such dives with heliox-breathing subjects would require two to three years of intense diving. The depths involved, 300 fsw (91 msw) and deeper, require very long decompressions, and a much improved set of limits on WOB would not be guaranteed.
Recalculation. Based on the known gas densities of air and on empirical data
showing how breathing capacity changes with gas density, the known air limits could be used and converted to heliox limits.
Existing goals and limits for heliox
Since 1981, NEDU has had goals 3 for UBAs used with heliox (Table 1 ). In addition, two European standards for UBAs are used with heliox: open circuit umbilical-supplied apparatus (EN 15333), 4 and self-contained rebreathing apparatus (EN 14143) 5 ( Table  2 ). These goals and limits are illustrated in Figure 1 . The limits set in the European standards are based on the performance of UBAs commercially available in the late 1970s -i.e., more than 30 years ago. 6 
Purpose of the present report
The purpose of the present report was 1. to determine acceptable limits for WOB with heliox based on existing physiologically based air limits, 2. to compare these new limits to existing goals and limits, and 3. to compare the performance of existing UBAs to the new limits, so that the consequences of adopting such limits can be known.
Limits will be developed for two general types of UBA. Some UBAs provide a fixed concentration of O 2 (FO 2 ; i.e., open circuit), while others (e.g., rebreathers) provide a constant partial pressure of O 2 (PO 2 ). The limits will be calculated separately for these two types. 
METHODS
Two approaches for converting the known limits for air breathing to heliox breathing were considered:
1. empirical changes in breathing capacity, and 2. calculating equivalent gas density.
Each approach will be discussed separately.
Empirical changes in breathing capacity
Changes in breathing capacity have been studied extensively as a limitation to breathing at depth. Lanphier and Camporesi 7 write that -One of the most prominent factors is the restriction of ventilatory capacity by the increased density of gas at depth.‖
The scientific literature indicates that divers' breathing capacity changes with the relative gas density (RGD) as RGD k . RGD is calculated as the ratio between two gas densities at the same pressure and temperature. Table 3 compiles the empirical values found. Similarly, Table 4 compiles values for k for expiratory flows. Table 3 . Empirical values of the exponent k for maximum breathing capacity as given by various authors.
Authors
Value Wood, Leve and Workman 8 Marshall, Lanphier and DuBois 9 Anthonisen et al. 10 The maximum WOB/V T that can consistently be sustained from respiratory muscles has empirically been determined to be 4.29 kPa. 2 This value, in combination with eq. 1, shows that the maximum WOB/V T to overcome the internal work of breathing with air at 1 atmosphere absolute (ata) is 4.29 -2.99 = 1.30 kPa.
The switch to a gas with lower density changes the limit on WOB/V T in two ways:
1. The starting value (offset) increases and approaches the 4.29 kPa limit.
2. The slope of the line decreases.
where W max is the maximum WOB/V T and W int is the internal WOB/V T . Equation (1) states that Wmax is 4.29 kPa, W int is 1.30 kPa and slope is 0.021 kPa/msw.
Equation (3) can be simplified to the form
where A = W max -W int · RGD k and B = slope · RGD k .
The empirical values for k are consistently in the range 0.39 to 0.50. For the safest limits on acceptable WOB/V T , k = 0.4 is chosen. The difference from 0.5 to 0.4 is about 5-7%. 
Example 2. Similar calculations for heliox (88/12) make the limit Limit = 3.54 -0.0122 · depth (in msw).
The limits for these two heliox mixtures are illustrated in Figure 2 . For comparison, the limits for air are also included. Note the large increase in limits when a switch to heliox is being made -and the relatively small change between the two heliox mixtures. With increasing depths, the FO 2 has to decrease in order to limit the PO 2 . Therefore, calculations of limits for depths beyond depths in Figure 2 have been extended to heliox (98/2) and heliox (99/1) and are illustrated in Figure 3 . Table 5 presents values for the coefficients A and B for the heliox mixtures where the FO 2 varies in the range 1 through 21%. The calculations for UBAs with fixed PO 2 are made by determining what the FO 2 would be for a given PO 2 at a given depth. The calculated FO 2 is then used to determine the limit. Results from these calculations are shown in Figure 4 and Table 6 . 
Comparisons to existing goals and limits for heliox
The current NEDU goals 3 for all heliox breathing and two European standards 4, 5 are illustrated in Figure 5 . The new limits for two depths when heliox 88/12 is being breathed are also shown. 
Calculations of equivalent gas density
For a given heliox mixture and depth, the gas density can be calculated. The depth at which air has the same gas density can then be calculated, and the WOB/V T limit can be determined. Example F. It is first at 1020 msw (3370 fsw) that the acceptable WOB/V T with heliox 99/1 has decreased to zero.
DISCUSSION

Selection of conversion method
The two methods considered for converting from air limits to heliox limits give similar numbers for shallow to moderate diving depths. For instance, Figure 2 shows a limit of 2.81 kPa at 60 msw (198 fsw), while Example B calculates a limit of 2.83 kPa. However, at greater depths the two methods start to differ. At 300 msw (990 fsw), Figure 3 indicates a limit of 0.75 kPa for heliox 99/1, while Example C calculates a limit of 2.24 kPa -three times greater. As the density equivalence method seems to indicate via Example F, it would be possible for most people to dive to depths greater than 1,000 msw (3300 fsw). Since this is in fact not possible, however, the density equivalence method will not be used. Figure 3 indicates that it would not be possible to dive much deeper than some 1200 fsw (360 msw), even though it is well known that it is possible to do so. Such a prediction is a reflection on limits in general, because limits must be set so that loads are tolerated by most people. In the case of deep diving, it is also known that such diving is not for everybody, a fact indicating that divers choose to pursue deep diving by self-selection -or that they have either unusual abilities or specialized training.
Use of the method based on empirical changes in breathing capacity
The goal for rebreathers shown in Figure 1 and Table 2 has been difficult to meet at low minute ventilations. As stated elsewhere, 3 even at the surface (with N 2 O 2 ) the MK 16 does not meet the goal at low minute ventilations. The new limits avoid this apparent problem. Figure 4 has what may seem like odd-looking curves. The acceptable work of breathing at first increases as depth increases, because O 2 has a greater density than air. At great depths the lines are fairly straight, similar in nature to the fixed FO 2 limits. However, close to the surface the O 2 concentration changes rapidly -a change that gives the limit lines their curved patterns.
Comparisons to existing goals and limits for heliox
NEDU goals
Open circuit demand UBA Numerically, the new limit with Heliox 88/12 at 300 fsw and 62.5 L/min is about 40% greater (2.44 vs. 1.76) than the current limit for umbilical-supplied diving ( Figure 5 ).
Rebreather UBA The proposed new limits for rebreather diving are higher than the existing NEDU limits, 3 at least at minute ventilations of ≤ 75 L/min. For the minute ventilation at which decisions are made (62.5 L/min), the new limit is 56% greater (2.41 vs. 1.542).
However, it must be borne in mind that the statistical analysis will verify whether a -measured average is below a given limit, rather than whether such a measured average does not exceed it. Reflecting the advantages of heliox breathing, the new limits will allow somewhat greater WOB/V T with Heliox.
European standards
Open circuit demand UBA For a minute ventilation of 62.5 L/min, the EN 15333 limit is 2.375 kPa (Table 1) at 60 msw (198 fsw) with any heliox mixture. A gas that has the highest permissible PO 2 of 1.6 bar 5 at a pressure of 7 bar (60 msw) would be a worst case and would have an O 2 concentration of 23%. The new limit at this depth with a heliox 77/23 blend would be 2.58 kPa. Thus, the EN 15333 could be allowed to be about 9% greater than before.
For a minute ventilation of 75 L/min, the EN 15333 limit is 3.5 kPa (Table 1) at 60 msw (198 fsw) with any heliox mixture. At this depth the new limit with heliox 77/23 would be 2.58 kPa. Thus, the EN 15333 limit is far too high, and the UBA will either restrict the diver or create an unsafe situation.
Rebreather UBA The EN14143 limit is 2.75 kPa. The new limits for 100 msw and a PO 2 of 1.3 is 2.33 kPa. Thus, the EN14143 is excessive by about 18%.
Comparisons to previous UBA testing
To determine the consequences of any changes, new limits must be compared to existing test results from several UBAs.
NEDU's normal procedure is to test at least five units of each UBA. But most tests discussed in the following two subsections covering open and closed-circuit breathing apparatus have not included five or more units. Therefore, comparisons serve only to indicate trends and cannot be used to justify any changes to any Navy approval. Such changes are beyond the scope of this report.
Open circuit breathing apparatus
Umbilical-supplied DSI EXO-26 full face mask Data were extracted from Appendix B of NEDU report TR 03-98 12 and are shown in Table 7 and plotted in Figure 6 . Three masks were tested with heliox (84/16) delivered through a 600-foot (180 m) umbilical with an internal diameter of 3/8‖ (9.5 mm) at a pressure of 165 psi above bottom. The water temperature was 37 °F (3 °C). Table 4 of NEDU report TR 07-05 13 and are shown in Table 8 and plotted in Figure 7 . Five KM 37s were tested with heliox 88/12. The report recommends that the KM 37 be approved to a depth of 380 fsw. 
Closed-circuit breathing apparatus
Cis-Lunar rebreather Data were extracted from Table 6 in NEDU report TR 03-02 14 and are shown in Table 9 and plotted in Figure 8 . Two rebreathers were tested with a PO 2 of 1.3 atm and Sofnolime 812 CO 2 absorbent. Table 4 in NEDU report TR 03-02 15 and shown in Table 10 and plotted in Figure 9 . Two rebreathers were tested with a PO 2 of 1.3 atm and Sofnolime 812 CO 2 absorbent. 
MK 16
Data were extracted from NEDU report TR . 15 Five MK 16 MOD 2 rebreathers were tested with a PO 2 of 1.3 atm. Tests were made with two types of CO 2 absorbents. Data from tests with Sofnolime 408 are shown in Table 11 and plotted in Figure 10 , while data from tests with Sofnolime 812 are shown in Table 12 and Figure 11 . Five MK 16s were tested. Stealth EOD-M Data were extracted from Table 5 in NEDU report TR 05-17 16 and are shown in Table  13 and plotted in Figure 12 . Two Stealth EOD-Ms were tested with Sofnolime 812. Viper E Data were extracted from Table 34 in NEDU report TR 05-17 16 and are shown in Table  14 and plotted in Figure 13 . Two Viper Es were tested with Sofnolime 812 CO 2 absorbent. 
